Bi 2 O 3 -based glasses are very attractive from the viewpoints of low-melting, high refractive index, and crystallization, and the research on their glasses and glass-ceramics is at the frontiers of glass science and technology. Non-linear optical Bi 2 ZnB 2 O 7 crystal lines with a high orientation were patterned in 3Sm 2 O 3 -30.3Bi 2 O 3 -33.3ZnO-33.3B 2 O 3 glass by using a laser-induced crystallization technique. It was confirmed from transmission electron microscope observations that crystals were formed in the inside of the glass, i.e., at the beneath of 4 µm from the surface, although lasers (Yb:YVO 4 laser with a wavelength of 1080 nm) were focused at the glass surface. A new potential for optical device applications was added in Bi 2 O 3 -based glasses from the present study.
Introduction
Micro-fabrications in glassy materials have found increasingly more applications in optoelectronics, telecommunications, and photonic devices such as optical gratings and waveguides, and laser irradiation to glasses has received considerable attention as a new tool of spatially selected microfabrications in glasses. For instance, a permanent change of refractive index can be induced in Ge-doped SiO 2 optical fibers by using ultraviolet laser irradiations to produce Bragg gratings under suitable exposure conditions. Spatially selected patterning of crystals in glasses by laser irradiations, i.e., laser-induced crystallization, is also extremely attractive, which is a new method for the design and control of the crystallization of glasses in comparison with the conventional crystallization technique using an electric furnace, and also opens a new door in crystal growth and patterning engineering. The design and control of the crystallization of glasses by using lasers are at the frontiers of the glass science and technology.
The present authors group proposed new laser irradiation techniques for the patterning of crystals with dot, line, and two-dimensional planar shapes in glasses, i.e., the rare-earth atom heat (REAH) processing and transition metal atom heat (TMAH) processing (Sato et al., 2001; Honma et al., 2003 Honma et al., , 2006 Komatsu et al., 2007; Komatsu and Honma, 2013) , and various crystals such as ferroelectric LiNbO 3 Komatsu et al., 2011) , multi-ferroic β ′ -RE 2 (MoO 4 ) 3 (RE: rare-earth) (Tsukada et al., 2009; Suzuki et al., 2010) , non-linear optical Li 2 Si 2 O 5 (Honma et al., 2008) , oxyfluoride BaAlBO 3 F 2 (Shinozaki et al., 2012) , and fluoride CaF 2 (Shinozaki et al., 2013) have been patterned successfully in glasses. In the laser-induced crystallization, a steep temperature gradient is created in the laser irradiated local region and such a steep temperature gradient is moved along laser scanning direction, consequently providing the patterning of crystals with a high orientation. It is of very importance to apply the laser-induced crystallization technique to various glasses, and such studies will lead a more deep understanding of the crystallization of glasses and also the possibility of new device applications of crystallized glasses (glass-ceramics).
In this study, we focus our attention on the patterning of nonlinear optical Bi 2 ZnB 2 O 7 crystal lines with a high orientation in Bi 2 O 3 -ZnO-B 2 O 3 glasses by using a laser-induced crystallization technique. Recently, Bi 2 MB 2 O 7 crystals (M = Zn, Sr, and Ca) have been successfully synthesized through the crystallization of corresponding glasses (Majhi and Varma, 2008a,b; Kanenishi et al., 2012; Shanmugavelu and Kumar, 2012 (Su et al., 2013) . Very recently, transparent glass-ceramics containing Bi 2 ZnB 2 O 7 nanocrystals have been synthesized in 30Bi 2 O 3 -40ZnO-30B 2 O 3 glass, and it has been found that they exhibit a large third-order optical non-linearity (Zeng et al., 2014) . Furthermore, Bi 2 ZnB 2 O 7 nanocrystals have been patterned in ZnO-Bi 2 O 3 -B 2 O 3 glasses by irradiations of femtosecond laser (Liu et al., 2015) . There has been, however, no report on the laser patterning of Bi 2 ZnB 2 O 7 crystal lines (not dots) with a high orientation in glasses so far. In a previous paper (Inoue et al., 2010) , we examined the features of electronic polarizability (optical basicity) and chemical bonding state in Bi 2 O 3 -ZnO-B 2 O 3 glasses from density, refractive index, Raman scattering spectrum, and X-ray photoelectron spectrum (XPS) measurements, and proposed the formation of B-O-Bi and B-O-Zn bridging bonds in the glass structure. In this paper, we demonstrated that Bi 2 ZnB 2 O 7 crystal lines with a high orientation were patterned in Bi 2 O 3 -ZnO-B 2 O 3 glasses by laser irradiations for the first time. Glasses based on the Bi 2 O 3 -ZnO-B 2 O 3 system have also received much attention as new low-melting and shielding glasses (Maeder, 2013) , and from this point of view, the understanding of the crystallization behaviors of Bi 2 O 3 -ZnO-B 2 O 3 glasses is extremely important. The laser patterning of functional crystals in Bi 2 O 3 -based glasses has a great potential in application of non-linear optical integrated devices (Liu et al., 2015) , and is at the frontiers of glass science and technology in Bi 2 O 3 -based glasses.
Experimental Section
Glasses with the compositions of 33.3Bi 2 O 3 -33.3ZnO-33.3Bi 2 O 3 and xSm 2 O 3 -(33.3-x)Bi 2 O 3 -33.3ZnO-33.3B 2 O 3 (x = 1, 3, and 5) were prepared by using a conventional melt quenching technique. Commercial powders of reagent grade ZnO, Bi 2 O 3 , H 3 BO 3 , and Sm 2 O 3 were melted in a platinum crucible at 1000°C for 30 min in an electric furnace. The melts were poured onto an iron plate and pressed to a thickness of~1.5 mm by another iron plate. Glass transition (Tg) and crystallization peak temperatures (Tp) were determined by using differential thermal analysis (DTA) at a heating rate of 10 K/min. The quenched glasses were annealed at Tg for 30 min to release internal stresses. Densities of glasses were determined with the Archimedes method using distilled water as an immersion liquid (Inoue et al., 2010) . Refractive indices at a wavelength (λ) of 632.8 nm (He-Ne laser) were measured at room temperature with a prism coupler (Metricon Model 2010). The melt-quenched plate-shaped glasses were heat-treated at some temperatures in an electric furnace, i.e., at 450-530°C for 3 h, and the crystalline phases formed were identified by using X-ray diffraction (XRD) analysis at room temperature. Raman scattering spectra at RT for the glasses and heat-treated samples were measured with a laser microscope (Tokyo Instruments Co., Nanofinder) operated at Ar + laser (wavelength: λ = 488 nm). In this apparatus, the data below 250 cm −1 cannot be measured due to the use of an edge filter.
Glasses were mechanically polished to a mirror finish with CeO 2 powders. The glass was irradiated by cw Yb:YVO 4 fiber laser (beam shape: single mode and ± 1 nm bandwidth) with λ = 1080 nm using objective lens (magnification: 50 times, numerical aperture: NA = 0.8). The laser beam was unpolarized and the diameter of laser spot was 2~3 µm. Plate-shaped glasses with a thickness of~1 mm were put on the stage and mechanically moved during laser irradiations to pattern crystals. The crystalline phase in the laser-irradiated part was examined from micro-Raman scattering spectrum measurements. Second harmonic generation (SHG) microscopic measurements were performed for the laser-irradiated part using a Q-switched Nd:YAG (yttrium aluminum garnet) laser with λ= 1064 nm as a fundamental light source. SHG emissions (λ= 532 nm) were measured, although the fundamental one must be isolated by a cut-off filter before reaching to the CCD (Charged Coupled Devices) for image detection . The morphology of crystals in laser-patterned lines were examined by using a transmission electron microscope (TEM: FE-TEM, JEOL, JEM-2100F) operating at 200 kV. Thin foils for TEM observations were prepared with a focused Ga ion beam (FIB) (JEOL, JIB-4500) method.
Results and Discussion
Crystallization Behavior of 33.3Bi 2 O 3 -33.3ZnO-33.3B 2 O 3 Glass
Prior to the laser patterning of Bi 2 ZnB 2 O 7 crystal lines in Bi 2 O 3 -ZnO-B 2 O 3 glasses, it is necessary to confirm the formation of Bi 2 ZnB 2 O 7 crystals in the crystallization of a given glass. Basically, the crystalline phase formed by laser irradiations in glasses is the same as that formed by heat treatments in an electric furnace. The glass with the composition of 33.3Bi 2 O 3 -33.3ZnO-33.3B 2 O 3 corresponding to the stoichiometric composition of the Bi 2 ZnB 2 O 7 crystalline phase is designated here as 111BiZnB glass. Figure 1 shows the DTA patterns for the bulk and powdered samples of as-quenched 111BiZnB glasses. In both samples, endothermic dips due to the glass transition and exothermic peaks due to the crystallization are detected clearly, providing the values of Tg = 395°C and Tp = 562°C for the bulk sample and Tg = 395°C and Tp = 551°C for the powdered sample. It is noted that the crystallization peak temperature (Tp = 562°C) for the bulk sample is close to that (Tp = 551°C) for the powdered sample, implying the possibility of the so-called bulk crystallization in the inside of glass. In Figure 1 , the optical microscope photograph for the base glass is included. The glass is colorless in the visible region. The density (d) and refractive index (n) of 111BiZnB glass at room temperature are d = 6.53 g/cm 3 and n = 2.06, respectively.
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Endo. Exo. Figure 2 shows the XRD patterns at room temperature for the 111BiZnB samples obtained by different heat treatment temperatures for 3 h in air. In these XRD measurements, the bulk samples were used without any pulverizing and thus information on the crystalline phase being present at and near the glass surface is obtained. As seen in Figure 2 , the formation of Bi 2 ZnB 2 O 7 crystals is confirmed in the samples heat-treated at 470, 500, and 530°C. Another crystalline phase is formed initially, which has not been identified (i.e., unknown crystalline phase) in our study. It has been reported that the β-BiB 3 O 6 crystalline phase is formed initially in the crystallization of 111BiZnB glass (Shanmugavelu and Kumar, 2012) . In Figure 2 , the optical microscope photograph for the sample heat-treated at 470°C is included. It is seen that the surface of the bulk sample is rounded. This behavior indicates that the softening/deformation of samples and crystallization occur almost simultaneously during heat treatments in 111BiZnB glass (Kanenishi et al., 2012) . The high thermal stability against the crystallization in 111BiZnB glass, i.e., ∆T = Tp−Tg = 562°C−395°C = 167°C, would be one of the reasons for the sample deformation during heat treatments. As seen in Figure 2 , the formation of unknown crystalline phase is detected in the sample heat-treated at 450°C from the XRD pattern; but in the sample heat-treated at 470°C, the formation of such an unknown crystalline phase is not confirmed. The crystallization at the glass surface is influenced by various factors such as surface quality, tips, cracks and scratches, foreign particles, and surrounding atmosphere in a given glass, i.e., the surface state (Müller et al., 2000) . The shape of the sample heat-treated at 470°C was changed, i.e., the rounded shape (see Figure 2) . This means that the surface state is largely changed in the heat treatment at 470°C, and thus the surface crystallization behavior would be influenced, providing the formation behavior of the unknown crystalline phase. Figure 3 shows the XRD patterns at room temperature for the powdered samples, in which bulk plate-shape glasses were heat-treated and the samples were pulverized after heat treatments. Figure 3 provides, therefore, information mainly on the crystalline phase present in the interior of samples. All XRD peaks in Figure 3 are assigned to the Bi 2 ZnB 2 O 7 crystalline phase (ICDD: 74-7878), indicating that only the Bi 2 ZnB 2 O 7 crystalline phase is formed in all samples heat-treated at 450-530°C for 3 h in air. SHGs were confirmed in the crystallized samples (data are not shown here), indicating that the Bi 2 ZnB 2 O 7 crystalline phase formed in 111BiZnB glass exhibits the second-order optical non-linearity. Figure 4 shows the Raman scattering spectra at room temperature for the base glass and crystallized (530°C, 3 h) samples. The glass shows very broad peaks being typical for glassy materials in the Raman scattering spectrum, i.e., at 350,~600,~920, 1150~1400, and~1550 cm −1 . From the Raman scattering spectra for various Bi 2 O 3 -ZnO-B 2 O 3 glasses such as 30Bi 2 O 3 -30ZnO-40B 2 O 3 , the formation of B-O-Bi and B-O-Zn bridging bonds in the glass structure has been proposed (Inoue et al., 2010) . The broad peaks observed in Figure 4 would be assigned as follows: (1) the band at 350 cm −1 can be connected with a symmetric stretching motion in Bi-O-Bi bonds between BiO 6 groups; (2) the band at 600 cm −1 could be assigned to symmetric stretching motions in B-O-Bi and B-O-Zn bonds; (3) the band at 920 cm −1 can be related mainly to asymmetric stretching motions in B-O-Bi and B-O-Zn bonds; (4) the bands at 1150~1400 and~1550 cm −1 can be assigned to an asymmetric stretching vibration of B-O bonds in BO 3 groups. On the other hand, the crystallized sample shows several sharp peaks at 347, 382, 497, 537, 577, 632, 699, and with broad and weak peaks at 877, 1243, 1340, and 1548 cm −1 . Because Bi 2 ZnB 2 O 7 crystals are formed in the crystallized sample, it is obvious that the Raman scattering spectrum shown in Figure 4 is for the Bi 2 ZnB 2 O 7 crystalline phase. In Bi 2 ZnB 2 O 7 with an orthorhombic structure (a = 1.0827 nm, b = 1.10329 nm, and c = 0.48848 nm) (Barbier et al., 2005) , octahedral BiO 6 units, tetrahedral ZnO units, BO 3 and BO 4 units are present. ZnO 4 units and BO 3 /BO 4 units are connected through a corner-shared bonding, i.e., the presence of B-O-Zn bonds, and are creating layers. The Bi 2 ZnB 2 O 7 crystalline phase is, therefore, constructed from the stacking of BiO 6 , ZnO 4 , BO 3 , and BO 4 units. At this moment, the peaks shown in Figure 4 have not been assigned in detail. However, the Raman scattering spectrum for Bi 2 ZnB 2 O 7 crystals would be used for the confirmation of the presence of Bi 2 ZnB 2 O 7 crystals in laser-patterned lines.
Laser Pattering of Bi 2 ZnB 2 O 7 Crystal Lines
In the laser-induced crystallization technique proposed and applied by our group Komatsu and Honma, 2013) , some amounts of rare-earth ions such as Sm 3+ or transition metal ions such as Ni 2+ must be included into the base glass for the absorption of laser. In this study, the glasses with the compositions of xSm 2 O 3 -(33.3-x)Bi 2 O 3 -33.3ZnO-33.3B 2 O 3 (x = 1, 3, and 5) were prepared. The melt-quenched samples with these compositions were confirmed to be glasses from XRD and DTA measurements.
For the glass with 1Sm 2 O 3 (x = 1), it was found that laser irradiations with different conditions such as the laser powers of P = 1.3-1.5 W and the laser scanning speed of S = 1.5 µm/s , the glass transition temperature is becoming high and the crystallization temperature is low compared with the 111BiZnB glass (Tg = 395°C and Tp = 562°C) with no Sm 2 O 3 . The value of the optical absorption coefficient (α) at λ = 1080 nm (Yb:YVO 4 laser) was α = 10.5 cm −1 for 3Sm-111BiZnB glass. The reflection of light at the glass surface calculated using the Fresnel's equation was considered in the estimation of α (i.e., Lambert-Beer law). Figure 5 shows the polarized optical microphotographs (POMs) for the samples obtained by laser irradiations. The laser scanning speed was fixed to S = 1.5 µm/s, and the laser power was changed in the range of P = 1.30-1.50 W. The laser was focused at the surface (not in the inside). The lines patterned with P = 1.30-1.45 W show a homogeneous distribution in color along the laser scanning direction, indicating that a stable structural change is taking place under these laser irradiation conditions. The morphology of the line patterned with P = 1.50 W is not homogeneous. Figure 6 shows the micro-Raman scattering spectra at room temperature for the lines patterned by laser irradiations with P = 1.35 and 1.50 W. In both lines, several sharp peaks are observed and the positions of these peaks are almost similar to the Bi 2 ZnB 2 O 7 crystalline phase (Figure 4) , indicating that the lines patterned with P = 1.35 and 1.50 W consist of Bi 2 ZnB 2 O 7 crystals. In Figure 6 , the SHG microscopy images of these lines are presented, indicating that SHG emissions are founded to be caused by only the crystal lines. Similar results were obtained for other lines patterned with P = 1.30, 1.40, and 1.45 W. In order to examine the morphology and orientation of Bi 2 ZnB 2 O 7 crystals in the line patterned by laser irradiations with S = 1.5 µm/s and P = 1.35 W by using TEM observations, the line part was processed to a thin foil (~100 nm) shape using a FIB method. SAED, the diffraction spots are observed clearly. These results suggest that Bi 2 ZnB 2 O 7 crystals in the cross-section (i.e., in the line) are highly oriented, and the line is not constructed from the assembly of Bi 2 ZnB 2 O 7 polycrystals. In order to determine definitely the orientation direction/quality of Bi 2 ZnB 2 O 7 crystals in the lines patterned, further TEM observations are required (Fan et al., 2012) . In the present study, the laser focal position was the surface. However, as seen in Figure 7 , Bi 2 ZnB 2 O 7 crystals were formed in the inside of the glass, i.e., at the beneath of 4 µm from the surface. Usually, if the laser focal position is the surface of a given glass, crystals are basically formed at the glass surface [e.g. Komatsu et al. (2007) and Komatsu and Honma (2013) ]. The crystal growth in the inside of the glass (Figure 7 ) observed in this study might be closely related to the high thermal stability (i.e., ∆T = Tp−Tg = 167°C) against the crystallization in the glass of 3Sm 2 O 3 -30.3Bi 2 O 3 -33.3ZnO-33.3B 2 O 3 . As shown in Figures 2 and 3, although unknown crystals are formed initially at the glass surface, the main crystalline phase formed in the inside is the Bi 2 ZnB 2 O 7 crystalline phase. This would be one of the reasons for the formation of Bi 2 ZnB 2 O 7 crystals in the lines patterned by laser irradiations. Recently, non-linear optical β-BaB 2 O 4 (β-BBO) crystal lines have been successfully patterned in the inside (up to the beneath of~200 µm) of 8Sm 2 O 3 -42BaO-50B 2 O 3 glass by laser irradiations, in which the laser focal position was moved gradually from the surface to the inside (Nishii et al., 2015) . The present study suggests that the patterning of Bi 2 ZnB 2 O 7 crystal lines would be possible even in the inside of more deep beneath around 100 µm for Bi 2 O 3 -ZnO-B 2 O 3 glasses by changing the laser focal position.
Frontiers of Laser Pattering of Crystals in Bi 2 O 3 -Based Glasses
Nowadays, it has been well recognized that Bi 2 O 3 oxide is one of the important constituents for the design and control of optical, electrical, and thermal properties of oxide glasses, and numerous studies on Bi 2 O 3 -based glasses have been studied so far (Dumbaugh, 1986; Maeder, 2013) . The most attractive features of Bi 2 O 3 oxide are a large electronic polarizability and a weak single bond strength of Bi-O bonds (Dimitrov and Komatsu, 1999 Komatsu et al., 2010) . Indeed, glasses with Bi 2 O 3 exhibit large third order non-linear optical susceptibilities χ (3) of the order 10 −12 esu (Terashima et al., 1997) . Recently, Bi 2 O 3 -ZnO-B 2 O 3 glasses have received much attention Doweidar and Saddeek, 2009; Inoue et al., 2010; Hashimoto et al., 2011) , in particular, because they are low melting glasses with high thermal stability and have been used as new sealing glasses instead of PbO-containing low melting glasses. The crystallization of Bi 2 O 3 -based glasses has also received much attention, because some functional crystals containing Bi 2 O 3 are formed through the crystallization. For instance, high-Tc Bi 2 O 3 -based copper superconducting glass-ceramics have been synthesized through the crystallization of glasses with Bi 2 O 3 (Komatsu et al., 1988 (Komatsu et al., , 1990 (Honma et al., 2002; Ihara et al., 2004; Koshiba et al., 2007) . The design and control of new Bi 2 O 3 -based glasses and their crystallization are at the frontiers of the glass science and technology.
In this study, we demonstrated that non-linear optical Bi 2 ZnB 2 O 7 crystal lines with a homogeneous morphology and a high orientation are patterned in 3Sm 2 O 3 -30.3Bi 2 O 3 -33.3ZnO-33.3B 2 O 3 glass for the first time. Crystallized glasses (glassceramics) are composites of the glassy phase and crystalline phase, i.e., glass/crystal hybrid materials. In particular, the combination of glass and single crystal line would have a high potential for device applications. It is emphasized that a new potential for optical device applications is added in Bi 2 O 3 -based glasses from the present study. A large single crystal and crystal fibers of Bi 2 ZnB 2 O 7 have been fabricated in order to develop new solid state lasers with high transparency in the ultra-violet region (Kozhayam et al., 2013; Su et al., 2013) . The laser patterning of Bi 2 ZnB 2 O 7 crystal lines in glasses is a new and innovative approach for the single crystal growth technique. Very recently, non-linear optical β-BBO crystal lines with bending and curved shapes have been patterned at the glass surface, and it has been demonstrated from birefringence imaging measurements that highly c-axis oriented β-BBO crystals grow along laser scanning direction even if the laser scanning direction changes (Ogawa et al., 2013) . As further studies, the patterning of bending and curved Bi 2 ZnB 2 O 7 crystal lines is strongly required in Bi 2 O 3 -ZnO-B 2 O 3 glasses.
Conclusion
Non-linear optical Bi 2 ZnB 2 O 7 crystal lines with a high orientation were patterned in 3Sm 2 O 3 -30.3Bi 2 O 3 -33.3ZnO-33.3B 2 O 3 glass by using a laser-induced crystallization technique for the first time, in which continuous-wave Yb:YVO 4 fiber lasers with a wavelength of 1080 nm were irradiated at the glass surface. It was confirmed from transmission electron microscope observations that crystals were formed in the inside of the glass, i.e., at the beneath of 4 µm from the surface. A new potential for optical device applications was added in Bi 2 O 3 -based glasses from the present study.
